[1] We calculate growth rates for extraordinary mode Saturnian kilometric radiation generated by the electron cyclotron maser instability using a ring-type (DGH) electron phase distribution model fitted to measured electron energy distributions in Saturn's auroral acceleration region. The observed distributions are unstable in spatially isolated regions of transverse linear size of order 10 3 km. Each unstable region has a growth rate consistent with amplification of background radiation to the peak observed intensity, approximately 14 electric field e-foldings. The observed propagation direction and frequency decrement below the electron cyclotron frequency are also consistent with the CMI growth model.
Introduction
[2] Intense low-frequency radio emission is routinely detected from all planets with global magnetospheres [Zarka, 2002] . The emission, denoted variously as auroral kilometric radiation (AKR, Earth), decametric radiation (DAM, Jupiter), and Saturnian kilometric radiation (SKR, Saturn), is highly polarized, narrowly beamed [Mutel et al., 2007; Imai et al., 2008] , and originates above each planet's auroral regions [Gurnett and Green, 1978; Huff et al., 1988; Mutel et al., 2004] . The radiation is generated by conversion of free energy from unstable electron phase distributions via the cyclotron maser instability (CMI) [Wu and Lee, 1979; Treumann, 2006] . The instability results from mildly relativistic, downward-directed electron beams accelerated by parallel electric fields. As the electron beams encounter increasing magnetic field at lower altitude, the parallel energy is converted to perpendicular energy, resulting in a unstable positive perpendicular velocity gradient. This drives strong wave growth near the local electron cyclotron frequency.
[3] The CMI maser mechanism and its corresponding AKR emission have been well-studied at Earth, both by remote sensing of the radiation and by in situ measurements of electron energies and phase distributions at the source. Early papers, based on measured phase distribution functions with inadequate energy and pitch-angle resolution, assumed that the CMI instability was driven by the positive gradient along the borders of a loss-cone oriented in the upward parallel direction [e.g., Wu et al., 1982; Omidi and Gurnett, 1982] . However, the growth rates derived from loss-cone models required implausibly large convective growth lengths [Omidi et al., 1984] . More recent observations of the electron velocity distribution function found that single and multiple shell distributions with energies between 1-10 keV were present in the auroral cavities [Delory et al., 1998; Su et al., 2007] , and that these distributions provided a much more robust CMI growth rate [Louarn and Le Quéau, 1996; Pritchett et al., 2002; Mutel et al., 2007] .
[4] Although the case for CMI-generated terrestrial AKR is now well-established, until recently the same analysis had not been possible for other planetary magnetospheres, since spacecraft probes had never traversed extraterrestrial auroral acceleration regions. However, in Fall 2008 the Cassini spacecraft crossed the Saturnian auroral region for the first time. During one epoch (17 Oct 2008) the observed radio spectrum dipped slightly below the local electron gyrofrequency, a clear indication that the spacecraft was at or very close to the SKR source region. Lamy et al. [2010] have recently summarized the properties of SKR observed during this event. In this companion paper, we show that CMI growth rates derived from the observed electron phase distributions measured within the SKR source region are consistent with observed SKR properties, including spectral intensity, propagation direction, and frequency decrement relative to the local electron cyclotron frequency.
CMI Growth Rate
[5] Nearly all observed terrestrial AKR and Kronian SKR radiation produced by the CMI mechanism is dominated by the extraordinary (X) mode [Gurnett and Green, 1978; Treumann, 2006; Lamy et al., 2008] , although much weaker O-mode radiation is sometimes observed [Mellott et al., 1984; Lamy et al., 2008] . In this paper, we are concerned only with growth rates for the dominant X-mode process. For this mode, the CMI growth rate can be written [Mutel et al., 2007] ,
where w i is the imaginary part of the angular frequency, W is the electron cyclotron frequency, n h is the number density of 'hot' electrons, i.e., those contributing to the instability, n e is the total electron number density, b is the ratio of electron plasma to gyrofrequencies, f is the normalized phase distribution function, (v ? , v k ) are the components of the velocity perpendicular and parallel to the magnetic field, and k k is the parallel component of the wave normal vector.
The integration path is along the resonance ellipse, which for v ( c is a circle given by the constraint
with radius
and center v c = k k c/W offset along the v k axis, and the normalized frequency is dw = (w − W)/W. We have normalized velocities to the speed of light and the phase distribution function f so that its integral over velocity space is unity.
Measured Electron Phase Space Density
[6] The CAPS-ELS instrument [Linder et al., 1998; Young et al., 2004] measures the 2-dimensional electron phase distribution function in the energy range from 0.58 eV to 26 keV in 63 logarithmically spaced energy channels. The electron pitch angle distribution is sampled using eight anodes positioned on a rotating platform. This scheme provides 160°coverage in elevation and 208°coverage in azimuth, although it requires 180 sec to sample the full angular range. This is problematic for CMI growth rate calculations since an unstable electron population may have a lifetime shorter than a few minutes.
[7] Fortunately the CAPS instrument also allows fast (2-sec) sampling of the current subset of pitch angles being sampled. Although each 2-sec record is an incomplete representation of the full 2-dimension distribution, in most records there is sufficient coverage of the perpendicular component (near 90°pitch angle) to allow a reasonable estimate of the perpendicular gradient. By visual inspection of all 2-sec samples in the interval 07:00-9:00 UT on 17 Oct 2008 (4.45 < R/R s < 5.08, −50°< l m < −66.6°, 23:49 < MLT < 01:10), we found many intervals in which the distribution exhibited an unstable (df/dv ? > 0) feature near 10 keV (v/c ∼ 0.2). These intervals typically last 10-20 sec, followed by somewhat longer (3-5 min) intervals with much weaker or even undetectable unstable regions.
[8] This variability is illustrated in Figure 1 , which shows a series of 2-sec distributions over twelve minutes separated by one-minute intervals. Each subplot has been de-trended by dividing by a kappa distribution [e.g., Saito et al., 2000] representing the mean background level which we assume to be the same in all spectra. The ordinate scale is the (dimensionless) ratio of observed phase space density to the fitted background level. The pitch angle sampling, indicated by color-coded dots, is somewhat different for each record, but the overall trend is clear. For this twelve minute interval the largest unstable populations occur near 08:46 and 08:53 UT.
Analytic Model of Phase Space Density
[9] Figure 2a shows a single 2-sec CAPS distribution at 08:53:02 UT plotted in polar coordinates. The phase space density is shown using a color palette along seven pitch angles between 55°and 165°. Figure 2b shows the individual radial profiles for four pitch angles closest to the perpendicular direction, along with a best-fit model distri- bution used for growth rate calculations. The model consists of a kappa distribution fitted to the quiescent background plus a Dory-Guest-Harris (hereafter DGH) [Dory et al., 1965] distribution for the unstable feature near 10 keV. The ambient plasma was assumed to have a mean density n e = 410 −4 cm −3 (w pe /W ce = 0.06) and a ratio of hot to total cold density n h /n e = 0.2, based on observed mean values during SKR source encounter [Lamy et al., 2010] . We have used these parameters and the best-fit DGH model distribution to determine CMI growth rates.
[10] The resulting growth rate for X-mode radiation is shown in Figure 3a as a function of propagation angle and Figure 3b as a function of normalized frequency. The growth rate is strongly peaked near perpendicular propagation (90°), but with a half-width that depends on the normalized frequency dw. Sampled points with |v| < 0.05c are suppressed. Number density is in logarithmic units of m 6 s −3 . Position angles are measured with respect to the magnetic field, so that 0°is toward Saturn (southern hemisphere). (b) One dimensional profiles of CAPS velocity distributions along 55°(triangles), 75°(squares), 85°(inverted triangles), and 125°(circles). The dashed black line is the kappa-distribution fitted background level, while the solid red line is a best-fit DGH distribution used to calculate the CMI growth rate.
Comparison With Observed SKR Properties
[11] We now compare the observed properties of SKR (flux density, propagation direction, normalized frequency) during the 17 Oct 2008 Cassini encounter with the predicted properties of CMI-driven radiation based on the measured electron phase distribution as outlined above.
[12] The peak SKR specific intensity reported by Lamy et al. [2010] for the 17 October 2008 auroral crossing was 10 −9 V 2 Hz −1 . This is equivalent to a flux density S skr ∼ 6 · 10 −12 W m −2 Hz −1 using the conversion procedure for Cassini RPWS observations described by Zarka et al. [2004] . We assume that the CMI maser amplifies sky background photons. Estimates of the sky background flux density at low frequencies (f < 100 KHz) is problematic since such measurements are compromised by receiver noise or by quasi-thermal plasma noise near the spacecraft. However, we can estimate the background flux by noting that that sky brightness temperature between 100 KHz and 1 MHz is nearly constant, T B ∼ 2 · 10 7 K [Manning and Dulk, 2001 ]. If we assume that this extends to lower frequencies, we find S sky ∼ 6 · 10 −24 W m −2 Hz −1 at 10 KHz. Hence the observed intensity gain with respect to the background radiation field is
or equivalently, 14 e-foldings of the ambient E-field.
[13] In order to compare the intensity gain of the CMI maser with observed SKR intensities using the calculated growth rate, we first estimate the convective growth length, i.e., the spatial extent over which the conditions for CMI growth are nearly uniform. This depends on both spatial variations in the electron phase distribution and the strength and orientation of the magnetic field. Along a direction perpendicular to the magnetic field line, a dipole field varies as
where is the magnetic latitude. The CMI maser will become incoherent if the local electron gyrofrequency along the path varies by more than the characteristic bandwidth. At Cassini's altitude during SKR source crossing (R = 5R s ), a normalized change dW/W = dB/B = 0.01 corresponds to a spatial scale L B = R · d ∼ 5000 km.
[14] As noted above, unstable electron distribution features have temporal timescales t ∼ 10-20 sec in CAPS phase distributions. The relative speed of the Cassini spacecraft with respect to the magnetic field line is the vector sum of the orbital velocity in the Saturnian center of mass system and the co-rotation speed at the spacecraft distance, resulting in V r ∼ 50 km s −1 for period near 9:00 UT on 17 Oct 2008. This corresponds to a spatial scale for unstable regions L e = V r u ∼ 500-1000 km. This is significantly smaller than the spatial scale of magnetic field variation, so we estimate the mean convective length scale as L c ∼ 500-1000 km.
[15] Given a growth rate w i , the CMI model intensity gain can be written
where t c is the convective growth timescale, and V g = dw/dk is the group velocity of the radiation. The group velocity can written [Gurnett and Bhattacharjee, 2005 ]
wherek and! are unit normal vectors in the k and directions respectively. Figure 4 shows dw as a function of refractive index for both perpendicular and parallel propagation using a cold-plasma approximation with relativistic corrections using Lorentz factor g = 1.02 (10 keV mean energy). We note that while the cold-plasma approximation may be strictly incorrect for plasmas with a significant warm component (as observed), dispersion calculations which properly account for the warm component [e.g., Wong et al., 1982] find a similar results for the refractive index.
[16] Figure 4 shows that both terms in equation (2), while strongly dependent on dw, have comparable mean magnitudes, resulting in an average group velocity V g ∼ 0.1c. Using a mean CMI growth rate w i ∼ 0.01 · W, we find that the ambient E-field is amplified by 15 ± 5 e-foldings, or an intensity gain log(G cmi ) = 13 ± 4.4. This encompasses the observed background amplification, although the high end is probably unrealistic, since it assumes a perfectly uniform unstable phase distribution along the entire 1,000 km convective growth path.
[17] The predicted propagation direction for maximum growth is perpendicular (Figure 3a) , with significant CMI growth only over the relative narrow range 90°± 10°. The observed propagation directions during SKR source crossings are larger, with a maximum deviation 20°from per- pendicular [Lamy et al., 2010] . These oblique rays may not be originating at the source, but may be refracted from sources located below the spacecraft.
[18] Finally, we address the frequency dependence of the growth rate. Figure 3b shows that the normalized frequency has a minimum lower bound dw > −0.012 at perpendicular propagation. This is largely consistent with observed frequency decrements, but with a few larger excursions, which occasionally dip below −0.02 [Lamy et al., 2010, Figure 3] . This could result from episodic deviations of the electron phase distribution from the best-fit DGH model, but may also be a result of finite plasma temperature effects, which result in lower X-mode cutoff frequencies than given by cold plasma theory [Winglee, 1985] .
3. Summary [19] We have shown that the measured properties of SKR near 5R s in Saturn's auroral regions result from conversion of free energy from an inverted population of electrons in a ring-type or shell distribution with radius near 10 keV via the cyclotron maser instability. There is no evidence for a loss-cone driven instability. The spatial extent of unstable regions is of order 1,000 km, separated by larger regions having little or no inverted populations.
